The reaction of a series of aldehydes and ketones with readily prepared cobalt or titanium nanoparticles, under mild reaction conditions, led to the obtention of different reductive dimerization products depending on the nature of the transition metal used. Cobalt nanoparticles (CoNPs) allowed the selective transformation of the starting carbonyl compounds into vicinal diols, whereas the reaction promoted by titanium nanoparticles (TiNPs) led to the formation of the corresponding alkenes. In this last case, the use of trimethylsilyl chloride (TMSCl) as additive, at 0 ºC, also allowed the obtention of vicinal diols after acidic aqueous work-up.
Introduction
Reductive coupling of carbonyl compounds is a versatile and powerful method for carbon-carbon bond formation, which is one of the main goals in synthetic organic chemistry. A variety of reagents have been used to perform this transformation leading to either vicinal diols or olefins, which are key compounds in the construction of highly functionalized skeletons found in many bioactive natural or synthetic products. 1 Since the pioneering contributions in this field by Mukaiyama 2 and McMurry, 3 the use of low-valent metals for the reductive dimerization of carbonyl compounds has evolved tremendously and gained widespread acceptance in the last decades. The pinacol coupling of aldehydes or ketones to give of 1,2-diols has been reported to promote successfully by many low-valent metal reagents, 4 whereas for the reductive coupling/deoxygenation reaction, i.e. carbonyl coupling-olefination, low-valent titanium (LVT) reagents are by far the most widely utilized, 1,5 mainly due the high oxophilicity and reducing
In the last years our research work has been focused on the development of new methodologies for the reduction and coupling of organic compounds, based on the use of nonnoble metal-NPs (FeNPs, CuNPs, MnNPs, CoNPs) generated in situ from the corresponding commercially available metal(II) chlorides by reaction with lithium sand and a catalytic amount of an arene as electron carrier. This methodology allowed the preparation of very reactive, monodisperse spherical metal NPs with average sizes in the range of 3.5 ± 1.5 nm, which demonstrated to be very efficient in the reduction 10 and coupling 11 of a wide variety of organic compounds. It is worthy to note, that the above mentioned FeNP-or CuNP-based reactive systems efficiently promoted the reduction of aldehydes and ketones to give the corresponding alcohols with excellent yield and stereoselectivity, 10a,d but were unable to promote the reductive dimerization of the starting carbonyl compounds to give the corresponding olefin or pinacol products.
In this paper we want to present our results on the reductive coupling of carbonyl compounds promoted by CoNPs or TiNPs generated in situ from cobalt(II) chloride or titanium(IV) chloride, respectively, lithium sand and a catalytic amount of 4,4'-di-tertbutylbiphenyl (DTBB) as electron carrier. The simple and effective methodologies described herein allow the synthesis of vicinal diols or olefins depending on the nature of the metal-NPs used. To the best of our knowledge, this is the first report describing the use of CoNPs for the reductive dimerization of aldehydes or ketones.
Results and Discussion
A. CoNP-promoted reductive coupling of carbonyl compounds. Synthesis of pinacols. A suspension of CoNPs was readily generated by reduction of anhydrous CoCl2 (1.0 mmol) with an excess of lithium sand (8:1 referred to CoCl2) and a catalytic amount of DTBB (15 mol % referred to the cobalt salt) in THF as solvent and at room temperature. Droplets of this suspension analysed by transmission electron microscopy (TEM) showed well defined spherical nanoparticles with a particle size distribution of ca. 3.0 ± 1.5 nm (Figure 1) . Energy-dispersive X-ray (EDX) analysis on various regions confirmed the presence of cobalt, with energy bands of 6.9 and 7.7 keV (K lines). Table 1 shows the results obtained in the reductive dimerization of carbonyl compounds promoted by CoNPs prepared in situ as described above. As shown in Scheme 1, the reaction of a series of aldehydes and ketones with the CoNPs suspension, at room temperature and under a N2 atmosphere, gave the corresponding 1,2-diols 2 in good yields along with variable amounts of the direct reduction products 3.
Benzaldehyde 1a was used as model substrate in order to optimize the reaction conditions. Thus, we observed that the use of an equimolecular amount of CoNPs (1.0 equiv., referred to the starting carbonyl compound) was essential for the total conversion of 1a into the corresponding pinacol 2a as the major reaction product, in a dl/meso diastereomeric ratio of 2:1 (Table 1 , entry 1). The effect of varying the reaction temperature on the formation of the desired 1,2-diol was then studied. Thus, the reaction performed at the reflux temperature of the solvent (66 ºC) resulted in lower yields of the pinacol coupling product, leading to the preferential formation of benzyl alcohol 3a (ca. 60%), whereas the reaction conducted at 0 ºC gave the coupling product 2a albeit with very low conversion (ca. 15%) of the starting benzaldehyde. Under the optimized conditions the reaction of substituted aromatic aldehydes was then tested. We observed that the reaction course was highly dependent on the electronic properties of the substituents attached to the aromatic ring. Those substrates bearing electron-withdrawing groups such as pchlorobenzaldehyde 1b or p-trifluoromethylbenzaldehyde 1c, gave the corresponding pinacol products in good to excellent yields (Table 1 , entries 2 and 3). On the other hand, aromatic aldehydes bearing electron-donating groups at the para position rendered the corresponding benzylic alcohols 3d and 3e (Table 1, entries 4 and 5), nevertheless 2,3-dimethoxybenzaldehyde 1f gave the pinacol coupling product 2f as the major reaction product (Table 1, entry 6). This difference in reactivity depending on the position of the electron-donating substituent attached to the aromatic ring could be ascribed, to some extent, to the formation of a chelate between the ortho-methoxy group, the carbonyl oxygen and the metal, a fact that has also been observed by other authors. Under the same conditions, the reaction of acetophenone led to the corresponding pinacol product 2g in excellent yield (Table 1, entry 7). With this result in hand we tested the intramolecular pinacol coupling of the aromatic diketone 1h, which led, almost exclusively to the cis-isomer of the cyclized 1,2-diol 2h in good yield (Table 1 , entry 8). On the other hand, the reaction of aliphatic carbonyl compounds, such as decanal and 3-pentanone, resulted in low conversion of the starting material and low yields of the corresponding direct reduction alcohol products. Finally, ,-unsaturated ketones 1i and 1j (Table 1, entries 9 and 10) gave the corresponding vicinal diols 3,4-dimethyl-1,6-diphenyl-3,4-hexanediol 2i and 1-(1-hydroxy-3,3,5-trimethylcyclohexyl)-3,3,5-trimethyl-1-cyclohexanol 2j, respectively, in good yield, although the reductive coupling process was followed by subsequent reduction of the conjugated carboncarbon double bound. From the results described above it could be concluded that the CoNPspromoted pinacol coupling requires the presence of a carbonyl group conjugated with a pisystem to take place. With regard to the diastereoselectivity of the coupling process (dl vs. meso), as shown in Table 1 , we found that the dl product was favoured in all cases that we examined. The observed dl-diastereoselection could be interpreted by considering the mechanism generally admitted for the pinacol coupling promoted by low-valent metals.
4a,12 As shown in Scheme 2, the first step could be assumed to be the formation of a cobalt-bound ketyl radical by electron transfer from the metal. When the ketyl radical attack is produced on a coordinated aldehyde, through a metal-bridged intermediate (Scheme 2, path A), the dl product formation is favoured due to steric reasons; whereas if the dimerization of two such radicals takes place through a non-bridged intermediate, then the meso product predominates (Scheme 2, path B). 
B. TiNP-promoted reductive coupling of carbonyl compounds. Synthesis of olefins or pinacols.
With the aim of performing a comparative study with the results obtained on the reductive coupling of carbonyl compounds promoted by CoNPs, we decided to test the performance of an analogous coupling system based on the use of in situ generated TiNPs. Thus, a suspension of the TiNPs was readily generated by reduction of anhydrous TiCl4 (3.0 mmol) with an excess of lithium sand (5:1 referred to TiCl4) and a catalytic amount of DTBB (7 mol % referred to the titanium salt) in THF as solvent and at room temperature. Droplets of this suspension analysed by transmission electron microscopy (TEM) showed well defined spherical nanoparticles with a particle size distribution of ca. 8.5 ± 2.5 nm (Figure 2) . Energy-dispersive X-ray (EDX) analysis on various regions confirmed the presence of titanium, with energy bands of 4.5 and 4.9 keV (K lines). The results obtained in the reaction of a series of carbonyl compounds with an in situ prepared suspension of TiNPs are shown in Table 2 . As expected, all the aldehydes and ketones tested led to the formation of the corresponding alkenes as the major coupling product (Scheme 3). Benzaldehyde 1a was again used as model substrate to find the optimal reaction conditions. Thus, we observed that the use of 3.0 equiv. of TiNPs (referred to the starting carbonyl compound) and heating at the reflux temperature of THF (66º C), was necessary to obtain stilbene 4a in high yield and with excellent diastereoselectivity (E:Z = 99:1). The TiNPs-based coupling system showed to be effective in the reductive olefination of substituted aryl aldehydes, irrespective of the electronic properties of the substituents. As shown in Table 2 (entries 2 and 3) substrates bearing either electron-withdrawing or electron-donating groups attached to the aromatic ring (1b and 1k, respectively) were coupled in good yield and with good to excellent E/Z diastereoselectivity. The heteroaromatic aldehyde 2-furaldehyde 1l, which shown to be inert in the presence of the CoNPs, gave (E)-1,2-di(2-furyl)-1-ethene 4l in good yield and with excellent diastereoselectivity (Table 2, entry 4). Aryl ketones such as acetophenone 1g and 2-acetonaphthone 1m gave the corresponding E-alkenes as the major reaction products in good yield ( Table 2 , entries 5 and 6). The ,-unsaturated ketone 1i allowed the obtention of the triene 4i in good yield (Table 2, entry 7). Interestingly, under the same reaction conditions the diketones 1h and 1n were efficiently converted into the corresponding cyclic alkenes ( Table 2 , entries 8 and 9). On the other hand, aliphatic carbonyl compounds showed to be markedly less reactive. Decanal and 4-tert-butylcyclohexanone gave very low conversion (ca. 10%) into the corresponding alkenes, and the highly hindered dicyclohexylketone did not react at all, even at longer reaction times. Among the aliphatic substrates tested, the best result was obtained with 5-nonanone 1o which gave the corresponding alkene 4o in 60% yield ( Table 2 , entry 10).
With the aim of extending the synthetic scope of this TiNP-based coupling system to the synthesis of vicinal diols, and based on the results reported by other authors on the use of chlorosilanes to promote the replacement of the alkoxide-metal bond with an alkoxide-silicon bond in the corresponding pinacolate intermediate, 4e we decided to study the effect of the addition of trimethylsilyl chloride (TMSCl) to our TiNP-based coupling system (Scheme 4). As shown in Table 3 , the reaction of different aryl-, vinyl-and alkyl carbonyl compounds with the TiNPs in the presence of 1 equiv. of TMSCl, after acidic aqueous workup, led to the formation of the corresponding vicinal diols as the main reaction products. Diastereomeric ratio not determined.
The reaction temperature showed significant influence on the reaction course, the optimal temperature being 0 ºC in order to obtain maximum yields of the pinacol coupling products and avoiding the competitive olefination reaction. Under these conditions benzaldehyde 1a, pmethylbenzaldehyde 1d, 2-furaldehyde 1l, acetophenone 1g and 4-phenyl-3-buten-2-one 1i gave the corresponding 1,2-diols in good to excellent yields and in short reaction times. The product ratio (dl vs. meso) observed using this TiNPs-TMSCl coupling system showed a diastereoselectivity in the same sense as that observed for the pinacol coupling reactions promoted by CoNPs, the dl product being favoured in all cases that we examined. As was shown in Scheme 2, this could be explained through a ketyl radical attack on a metal-coordinated carbonyl compound, in this case followed by the replacement of the alkoxide-titanium bond by an alkoxide-silicon bond, leading to the corresponding vicinal diol after acidic aqueous workup.
In conclusion, we have developed a simple and convenient methodology for the reductive coupling of carbonyl compounds, based on the use of in situ prepared cobalt or titanium nanoparticles, that allows the selective synthesis of vicinal diols or olefins, depending on the nature of the metal nanoparticles used. We are now studying other synthetic applications of this methodology and working on the development of a modified procedure for the reductive crosscoupling of carbonyl compounds.
Experimental Section
General. All moisture sensitive reactions were carried out under a nitrogen atmosphere. Anhydrous tetrahydrofuran was freshly distilled from sodium/benzophenone ketyl. Other solvents used were treated prior to use by standard methods. 13 All starting materials were of the best available grade (Aldrich, Merck, Fluka) and were used without further purification. Commercially available CoCl2·6H2O and TiCl4 were used for the coupling reactions. CoCl2·6H2O was dried on oven (2 h at 150ºC) before use. Column chromatography was performed with Merck silica gel 60 (0.040-0.063 m, 240-400 mesh). Thin layer chromatography (TLC) was performed on precoated silica gel plates (Merck 60, F254, 0.25 mm). Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker ARX-300 spectrophotometer using CDCl3 (unless otherwise stated) as solvent and tetramethylsilane (TMS) as internal reference. Mass spectra (EI) were obtained at 70 eV on a Hewlett Packard HP-5890 GC/MS instrument equipped with a HP-5972 selective mass detector. The purity of volatile compounds and the chromatographic analyses (GC) were determined with a Shimadzu GC-9A instrument equipped with a flame-ionization detector and a 2 m column (1.5% OV17 9A SUS Chrom 103 80/1000), using nitrogen as carrier gas. TEM images of cobalt and manganese nanoparticles were recorded at the TEM service of the University of Alicante (Spain) using a Jeol JEM2010 microscope equipped with a lanthanum hexaboride filament and operated at an acceleration voltage of 200 kV. All the starting carbonyl compounds, included in Tables 1-3 , were purchased form commercial sources (Aldrich, Fluka, Merck), and used as received. 1,6-diphenyl-1,6-hexanedione (1h) and 1,9-decadiene-3,8-dione (1n) . General procedure 14 In a round bottom two necked flask, equipped with magnetic stirrer, dropping funnel and reflux condenser, magnesium turnings (146 mg, 6.0 mmol) and a cristal of iodine were placed under nitrogen atmosphere. The magnesium was activated by iodine sublimation. After cooling the flask, dry diethyl ether (2 mL) and drops of the corresponding aryl or alkyl halide (neat) were added. Then, the reaction mixture was vigorously stirred and the corresponding halide (5.0 mmol) or dihalide (2.5 mmol) in diethyl ether (5 mL) was slowly added through the dropping funnel at such a rate that the ether refluxes gently. After 2 h of heating at the reflux temperature of the solvent, the reaction mixture was cooled to 0ºC. Then, the corresponding carbonyl compound (1.5:1 ratio referred to the halide) was added and the mixture vigorously stirred until the reaction was completed (TLC). The reaction mixture was transferred to another flask containing finely crushed ice and was vigorously stirred. Twice the theoretical quantity of 30% H2SO4 was added to dissolve the formed Mg(OH)2. The aqueous layer was washed with diethyl ether (3x15 mL) and the combined extracts were dried over anhydrous Na2SO4 and evaporated (20 mbar). The resulting residue was purified by flash column chromatography (silica gel, hexane-ethyl acetate) to give the corresponding alcohol. In order to obtain the corresponding carbonyl compounds, pyridinium dichromate (PDC, 1.03 g, 2.71 mmol) was added to a solution of the purified alcohol (1.0 mmol) in CH2Cl2 (20 mL). The mixture was stirred at room temperature until the reaction was completed (TLC) and filtered through celite pad. The filtrate was dried (Na2SO4) and concentrated in vacuo (20 mbar). The crude residue was purified by flash column chromatography (silica gel, hexane-ethyl acetate) to give the corresponding carbonyl compounds, 1h (57%) and 1n (54%).
Synthesis of
Representative procedure for the reductive coupling of carbonyl compounds promoted by CoNPs. Synthesis of vicinal diols A mixture of lithium sand (56 mg, 8.0 mmol), DTBB (40 mg, 0.15 mmol) and CoCl2 (130 mg, 1.0 mmol) in THF (4 mL) was stirred at room temperature under nitrogen atmosphere. The reaction mixture, which was initially dark green, changed to black, indicating the formation of the cobalt nanoparticles (CoNPs). Then, benzaldehyde 1a (106 mg, 0.101 mL, 1.0 mmol) in THF (2 mL) was slowly added by syringe. After total conversion of the starting material (TLC, GC), the resulting suspension was diluted with diethyl ether (10 mL) and treated with 10% HCl (3x10 mL). The combined extracts were dried over anhydrous Na2SO4, and evaporated (20 mbar). The resulting residue was purified by flash column chromatography (silica gel, hexane-ethyl acetate) to give the corresponding pinacol 2a (78%). Isolated yields for compounds 2 are given in Table  1 . The following known compounds included in Table 1 were characterised by comparison of their chromatographic and spectroscopic data ( 1 H, 13 C NMR, and MS) with those described in the literature: 1,6-diphenyl-1,6-hexanedione 1h, 15 1,9-decadiene-3,8-dione 1n, 16 1,2-diphenyl-1,2-ethanediol 2a, 17 1,2-di(4-chlorophenyl)-1,2-ethanediol 2b, 17 1,2-di(4-trifuoromethylphenyl)-1,2-ethanediol 2c, 18 2,3-diphenyl-2,3-butanediol 2g, 17 1,2-diphenyl-1,2-ciclohexanediol 2h, 19a 3,4-dimethyl-1,6-diphenyl-3,4-hexanediol 2i. 20 For new compounds, physical and spectroscopic data follow. 1-(1-hydroxy-3,3,5-trimethylcyclohexyl)-3,3,5-trimethyl-1-cyclohexanol (2j) Representative procedure for the reductive coupling of carbonyl compounds promoted by TiNPs. Synthesis of olefins To a vigorously stirred solution of TiCl4 (569 mg, 0.329 mL, 3.0 mmol) in THF (2 mL), under nitrogen atmosphere, lithium sand (98 mg, 14.0 mmol) and DTBB (52 mg, 0.20 mmol) were added. The reaction mixture, which was initially dark green, changed to black, indicating the formation of the titanium nanoparticles (TiNPs). The reaction flask was introduced into a preheated silicon oil bath, at a temperature high enough to ensure the reflux of the solvent, and benzaldehyde 1a (106 mg, 0.101 mL, 1.0 mmol) in THF (2 mL) was slowly added by syringe. After total conversion of the starting material (TLC, GC), the resulting suspension was diluted with diethyl ether (10 mL), treated with 10% HCl (10 mL), and the aqueous layer extracted with diethyl ether (3x10 mL). The combined organic extracts were dried over anhydrous Na2SO4, and evaporated (20 mbar). The resulting residue was purified by flash column chromatography (silica gel, hexane-ethyl acetate) to give the stilbene 4a (78%). Isolated yields for compounds 4 are given in Table 2 . The following known compounds included in Table 2 were characterised by comparison of their chromatographic and spectroscopic data ( 1 H, 13 C NMR, and MS) with those described in the literature: 1,2-diphenyl-1-ethene 4a, 19 1,2-di(4-chlorophenyl)-1-ethene 4b, 21 1,2-bis-[4-(dimethylamino)phenyl]ethene 4k, 22 1,2-di(2-furyl)-1-ethene 4l, 23 2,3-diphenyl-2-butene 4g, 24 2,3-di(2-naphthyl)-2-butene 4m, 21 3,4-dimethyl-1,6-diphenyl-1,3,5-hexatriene 4i, 25 1,2-diphenyl-1-cyclohexene 4h, 26 1,2-divinyl-1-cyclohexene 4n, 27 5,6-dibutyl-5-decene 4o.
Representative procedure for the reductive coupling of carbonyl compounds promoted by TiNPs-TMSCl. Synthesis of vicinal diols To a vigorously stirred solution of TiCl4 (569 mg, 0.329 mL, 3.0 mmol) in THF (2 mL), under nitrogen atmosphere, lithium sand (98 mg, 14.0 mmol) and DTBB (52 mg, 0.20 mmol) were added. The reaction mixture, which was initially dark green, changed to black, indicating the formation of the titanium nanoparticles (TiNPs). The reaction flask was introduced into a prehetaed silicon oil bath, at a temperature high enough to ensure the reflux of the solvent. After stirring at this temperature for 2 h the reaction mixture was cooled to 0 ºC. Benzaldehyde (1a) (106 mg, 0.101 mL, 1.0 mmol) in THF (2 mL) was then added followed by the addition of trimethylsilyl chloride (0.128 mL, 1 mmol). After total conversion of the starting material (TLC, GC), 1M HCl (5 mL) was added and the suspension was stirred at room temperature for 3 h. The resulting mixture was extracted with diethyl ether (3x10 mL). The combined extracts were dried over anhydrous Na2SO4, and evaporated (20 mbar). The resulting residue was purified by flash column chromatography (silica gel, hexane-ethyl acetate) to give pure diol 2a (90%). Isolated yields for compounds 2 are given in Table 3 . The following known compounds included in Table  3 were characterised by comparison of their chromatographic and spectroscopic data ( 1 H, 13 C NMR, and MS) with those described in the literature: 1,2-diphenyl-1,2-ethanediol 2a, 17 1,2-di(4-methylphenyl)-1,2-ethanediol 2d, 17 2,3-diphenyl-2,3-butanediol 2g, 17 1,2-di(2-furyl)-1,2-ethanediol 2l, 29 3,4-dimethyl-1,6-diphenyl-1,5-hexadiene-3,4-diol 2i. 20 
